UNCLASSIFIED

AD NUMBER
AD309994
CLASSIFICATION CHANGES
TO. UNCLASSI FI ED
FROM: CONFI DENTI AL
LIMITATION CHANGES

TO:
Approved for public release; distribution is
unlimted. Docunent partially illegible.
FROM:

Distribution authorized to U S. Gov't. agencies
and their contractors;

Adm ni strative/ Operational Use; 04 APR 1944.

O her requests shall be referred to Naval

Provi ng G ound, Dahl gren, VA Docunent
partially illegible.

AUTHORITY

UNNSWC [tr 10 May 1976 ; UNNSWC [tr 10 May 1976

THISPAGE ISUNCLASSIFIED




= e
Sio o m o

e

e







"NOTICE: When Government or oth.:r drawings. specifications or
other data are used"f»ifc»r any purjios: other than in connection with
a definitely related G\overnment pro:urement operation, the U.S.
Government thereby incurs no resyonsibility, nor any obligation
whatsoever; and the fact that the Covernment may have formulated,
furnished, or in any wéy supplied tlie said drawings, specifications

or other data is not to be regarceii by implication or otherwise as
in any manner licensing the holder or any other person or corpora-
tion, or conveying any rights or pevmission to manufacture, use or
sell any patented invéntion that iy in any way be related thereto.”

é

s ek LAY



-

- e 369.99?,‘ -

: f SECHAICAL LIBRANY FILE COrY ML

h NAVAL PROVING GROUND
DAHLGREN, VIRGINTA

0\ PENETRATION MECHANTSM

REPORT No. L=L&

UNCLASSIFIED

«««««

IIT The Penetration of Homogenzous Plate at
Vapious Obliquities
- ﬂp@ﬁgw:m oL Rulbe, Kelodnoss

\L,\ \ :;; L) x,,& C LTI (I‘ﬂ,, if‘? : (‘1"7 “ ,_g'\& £
LR i Mrrllir\\m;ait‘/JG;(é’///:f/Fﬁy
4 S/ g a
v L{»k,.éwkt.) Z (RANK] '/ y .

-

P
: | - & April 1944 \Q\
. ‘

H 'DEXFD / UNCLAjssHED 1%
muﬂ'}m*m‘~mv Ly -

L8y g




$ e, w4 3

NAVAIL PROVING GROUND {

FILE COPY

DAHLGREN, VIRGINTA

PENETRATION MECHANISM

REPORT No, L=44

ITI The Penetration of Homoganeous Plate at
Vapious Obliquities

IDENTIAL

getgrn I»

4 April 1944

ASTIA

4
£
[
"
be
£
ok
sk
#
x
&
)
o
&
p 4
-
2
L

YIRGINIA

ARLINGTONM 132,

Bermy YiSHE

o M=




UNCL{SSIFIED

NAVAL PROVING GROUND
; Dahlgren, Virginia

PENETRATION MECHANISMS

4 April 1944

III The Penetration of Homogeneous Plate at Various
Obliquities.

-~

appROVED oL Public Releuse
Distributow Unlmoted,

03

rr c'\.o<':"v‘

} \ . . S
DAVID I. !EDRICK

cmn
OMMANDING oincm

i

! MW&& s‘:—/// 7 f Pﬂ//

SS v/
(RANK) 3/7,3

UNCLASSIFIED




PREFAGE

AUTHORIZATION

: This report is based upon part of the project ?
autnorized in Bureau of Ordnance letter NP9/A9 of 9 January, :
1943 as Noval Proving Ground Research Project APL-2,

[

OBJECT

To present & preliminary discussion of the penetration
mechenisms involved in oblique impact, with reference to
.the various factors involved. :

| : L

| The problem of oblique impact penetration of
armorT is analyzed in the following way, baesed on extensive !
examination of impacts; A distinction is first made
between low obliquity and high obliquity impe.i:.. A4 low
obliquity impaet is characterized by the rvisction of the
projectile in imcomplete penetretions in a .rection
approximately reversed to the incident trajectory., In
high obliquity impacts, a rejected projectile ricochets in
a concic-rably different direction. The distinction has
practical importcnce in naval nractice, corresponding
effectively to the cases of side armor penetration and deck
armor penetratica by projectiles respectively.

SUMMARY

The mechanism of low obliguity impacts is
shown experimentally to be more complicated thén normal
obliquity in that the mere application of a factory sec @ |
is inadequate to extend the normal results to the new ?
obliquity. " A detailed examination is nade of the forces on ’

the neose of the impinging prc%ect'le »nd the resulting
yewing motion during the penetration.

For high obliquity penetrations, a discussion
of the steps in the oycle is given and gualitative criteria
for penetration are suggested. ’gﬁ

-

Page i




CONTENTS

Page

L ANTRODUCTION & o w 4 o o o & o P |

LX LOW OBLIUITY o o ¢ + 4 o « o 5 o s % & 2
1. Tho Observational Data , ¢ o ', o & o 2 *
2. Theory of Low-Obliquity Penetra- \
tiohy « o o @ v 5 % © o 5 5 88 8 % -5 N j
ITI HIGH OBLICUITY « o 4 o o o o s o o o 4 10 |
APPENDIX A, ?
l. Summary of NPG Report No. 1-43 , . Al j

2, Summary of NPG Report No., 3=4) . . A3
APPENDIX B - YAWING TORNUE IN AN IDEAL
C-ASE ¢ o o s & » o o o L ¢ o . . L Bl ’

-




g LIST OF ¥IGURES
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Figure 1 A thin plate dishes in a mannsr de- 2
creasing the effective obliquity,
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Figure 3 Residual energy vs. striking energy, L
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Figure 6 To illustrate the calculation of 6

yawing torque.{NPG Photo No, 1527(AFL)) '

Figure 7 B, vs, Eg,8/d = 0,125 at 45°, (3" Type 10
A Une. vs, 3/8" Mod, STS at 45° )¢ (NPG
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Figure 8 Ricochet from s thin plate at high 10
obliquity; also 8D, F.MN. projectils
experiences righting torque on impaot
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L. INTRODUCTION:

In a previous report (reference (1)) a theory
was oresented covering the penetration of homogeneous plate
by uncapped projectiles at 0° obliquity. Additional experi=~
mental data and a discussion of the i.iportance of friction as
a Tactor in penetration resistance are given in reference (2).
Swmaries of references (1) and (2) are given in Appendix A.
While a considerable advance in our understanding of normal
impact has been made in these reports and in reports ori-

inating elsewhere (see bibliogranhies of references (1) and
%2)), they do not deal with the case of priuary practical
interest, nanely, oblique inpact. Tbis report e [
preliminary discussion of the cubject, describing the pheno-
mena observed and discussing. the mechanics of oblicue pens-
tretion. A complete empirical study of obligue penetr ticu
by uncaipsd golld shot will be presented in a supsequenv
report, and will be followed by a similar study tor capped
projectiles.

When the obliquity is 0° the mechanics of
penetration takes its gsimplest form because of the symuetry
of the stresses acting within the armor plate and upen the
projectile. In oblique impact the situation is complicated
by the existence of unbalanced lateral stresses which produce
a complicated yeawing motion of the projectile as 1t passes
through a plate, so that in zeneral it emerges from the back
of the plate with a different direction of motion and
different orientation than jnmediately before the impact.

Two casces mey be distinguished, which will be
denoted as low obliquity and high obliquity impact. The
distincuished feature of these two types of impact is that in
the so~-called low-obliquity impact, a srojectile fired at a
veloeity insufficicnt to penetrate the plate will be re jected
more or less in the reverse direction to the direction of
attack, while in the high-obliquity case a projectile fired
at 8 volocity insufficient to penetrate the plate will
ricochet, in a direction given roughly by the optical law of
reflection~i.e., the angle of reflection squals the angle of
incidence. The expsrienced ballistician will at once
recognize that the obliquity at which the transition between
the two mechanisms of below-limit behavior occurs will very
with platc thickness, projsotile shepe, and projectile quality.
The relation between plate hardness and projectile hardness
will be important, as 1s shown in very striking fashion in
reference (3), Figure 9. This figure jllustratcs an experi-
ment in which a series of projectiles of hardnesses renging

- ] =




NPG Photo M '526(APL)

Fig. !
A thin plate dishes in
a manner decréasing the
effective obliquity.

Fig 2A
This and succeeding Fig-
ures show the penetration
cycle in thick Class B p/arte
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from R. L5 to R.65 were rired at fixed striking velocities
and obliquitiestat a very,thick platc of BHY 155. The

harder projectiles passcd through the plate; those of
intermcdiate hardness were stopped inside the nlatc, but
still hceded through it, while the softer projectiles
ricochetecd alfter penetrating into the slate to v:irious depths.
The ricochiet was cvidently due to deformation of the projac-
tile nose, vhich producad the samo offoct on the nrojectile

-3 an increese in obliquity.

Plate thickness will also bc an important
detorminine factor in differcntiating ricochct from rebound.
i# Fhe plafo dishes ahead of the projectile the effect viill
be to decrcase the effsctive oblicuity and inmbit ricechets
(8ee Fig.l). As thin plates dish .ore on imnact than do thick
plates, it is to be expooted tiat ricochot will sot in at
lower oblinuities ror thick sletcs than ior thin ones,

Becsuse of the numbor of variables tuat affect
the onset of ricochet, it is not oracticcble to give any
general rule detceraining the critical obliquity as a function
of; say, ¢/d. However, scrvice conditions delimit two gsneral
types of impact condition; vortical armor on ships approxi-
matces caliber thick ess, -nd cannot e scnetrated at the
actual velccities occurring at battle ranges at
oblicuities over 30°, whilc duck anc other horizontal ariaor
prcsents ¢/d valucs from sround 0.25 to 0,35, with signi-
ficant oblicuitios ranging from about 40° upwards for attack
by gunfirc, and from 15° downwards for attack by AP bombs.

Tt follows thet low obliquity attack will be of interest over
the entirc ronge of e/d, and is not lilely to «pproach the
critical obliquity, while high obliquity firing will be of
intorest srinarily at values of e/d of 0,35 or less end at
obliquities dofinitsly in the ricochet rango. The division
botween low and high obliquity impact in this rocpont conforms
to the generel conditions outlined abovec.

II LOW 0BLIUITY

1. Thc Obscrvational Data

Inspeotion of many impacts, both compietc and in-
complete pcnetrations, and of the projectiles making the
impacts, shovis that when a projectile which is not too blunt

~strikes a homogecncous platc at a low obliquity, & fairly
dofinite sccuence of operstions occurs. This is best illus-
trated by Figure 2, which shows the necnetration cycle at a
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striking vclocity just sufficient for complete penetration.
For rcfercnce, the initial position of the projectile, at the
instant of. contact with the plate, is shown by the dotted out-
linc in cech diagram of Figurc 2. It is to be noted that

the trajectory of the center of gravity, as well as the path
of the point, of the projectile is ipitially upward, the
general tendency being for the projectile to travel parallel
to its axis, as tho position of the axls changes under the
action of the toraues set up by the unsymmetrical pressures on
vihe projectile. The general upward motion of the projsctile
{s shown by the failure of the body or base of the projectile
to completcly obliteratc the mark criginally made by the nose
of the projectile at point (*) in Figure 2D, the wark being
rocognized by its small radius of curvature; clementary mech-
anical condidcrations confirm this rcsult,

As “he projectile-nose approachcs the back of the
plate (Figure 2 8&05 the static term in thc préessure on

the uppnor part of the nosc will bo the full yield stress of
the plate, while on the lower part of ths nose, confronted
only by a bending pctel, the pressurc will be less. This
unbalanccd nsressurc will tend to force tic nosc of thc »pro=-
joctile down (towards the normal to the plete), and the pro-
jectile vierges from thc back of tlhe nlatc at a considerably
lowcr obliquity than the obligquity of impact. A8 tho projce~
tile turns toward tho normel, the body cnd basc nust cnlarge
the hole in the plate in order to meke the turn, and a severe
strain on tho basc ~ecurs which may rcesult in the tearing

off of the basc. This docs not scem to involve any con-
sidcrable armount of friction, as studics liko tlose of rcfe
crence (2) show that fricuion is vary gmall in obligue impacts
s woll as in normal impacts.

As the striking velocity is increased to successive
values above thu limit volocity, the yawing motion of the
projectilc in its passage through tho plate is dccreascd in
emplitudc, and the trajcctory is 1zss-refracted in passage
through thc platc, so that at a very high striking vcloclty
the projeetile .mcrges from the back of the nlate in alwmost
its/ original dircection, and with very littlec yaw.

Vhen plate thiclkncss and obliquity provide a scvore
test of tho projeetile, failure to penetrate may bo ac-
companicd by projcetile broekage. This may be overcome by
a moderate inercasc in velesity, when the prejectile penc—
trates intact, cxeert posgibly for basc danage.
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It is well known that at 0° obliouity, the residual
energy of the projectile after a complete perctration is a
lineaer function of the striking snergy.

ER:.S(IES-EL),Q.‘.‘ (J—)

where the slope ranges from about 0,90 for plate of somewhat
over caliber thickness to about 1.10 for the thinncst plates,
The theoretical i nlications of this law are developed in

reference (4); additional material is given in reforence (1).

In the case of oblique impacts, the relation
between rosidual and striking encrgy is rnore complicated
than at 0°, Figurc 4 displavs a typical plot, for a 3% A.P.
projectile vs, 1936 STS at 35° cbliquity. To sliminate
partially the ¢ffcet of small variations in plate thickness
projectile mess, and obliquity from round to round, the plot
is actually one of FRr< vs, Fq~, wherc

3/2° 1/2 )2

4 /
FS =' (13 m Vy cos 8/e a
and
32 1)e /2
Fp = (12) m Vg cos o/e fg

For constant e,m, and @ it is clecar that Fsz and Fp< will be
strictly proporticnal to E. and Eq ruspectively. %t will be
obscrved that, starting at“the 1iflit F< of 158%107, the
graph has a slope of about 1.24; the curve is then slightly
concave downward, until it becomes a_straight line of slope
0.88 at about 1,36 times the limit F2,

At points where a residual energy graph has a
slope greater than unity, cnergy abscrption decrceses with
increaced striking encrgy, end vice versa vherc the slope of
the graph is less than unity. Thus, it is clear that in the
cese illustrated in Figure 3 encrgy absorption by the plate
decreascs at first as the striking vclocity is raised above
the limit veloeity; this phenomcnon is associated with the
decreasing amplitude of the yawlng motion of the projectile
as. 1% .passes through the plate at higher and higher striking
velocities, A minimum cnergy absorption occurs at the point
whoere the slope of the graph is unity - i.c., at about Fg%
= 205 x 107,

A complete sot of empirical date on the variation
of the F-cocfficient with obliquity is reserved for a sub-
sequernt report. As stated in refcrence (1), it has been

D
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establishted that the limit encrgy is a linear function of
plate thickness at obliquities up to ahout 30°, As an
illustration of this, Figure 4 is proscntced showing a plot

of mV72/d3 vs. ¢/d for the 3" APM79 solid shot at 30° obli-
quity. The 0° line is shwon for comparison. The M-79, being
& solid shot, experiences compzratively little body defeormation
in oblique impacts; common shcll suffer more body deformation
at the higher values of c/d, with a conscquent rise in the
limit gnergy, as illustrated by Figure 5, which is a graph of
mVy</d3 vs. e/d for the 6" Common Mk. 27 at 30° obliquity.

It will be notoed thet while the greph 1s reasonably straight
up t7 about ¢/d = 0,4, it curves up sharply beyond that value
of e/d.

~ On the assuaption thatitha inc;eased resistance of

=] ) b ke 2 1Y £ ) TEas) T B ) ST
%hgéﬁggséno%AmggéIgﬁgaéggggtai%néu%h@6§§i ig E%éjé§%€5332%
the projectile, the limit encrgy at 30° would be obtained
from that at 0° by rultidlying the 0° cnergy (for cach &¢/d)
by sec 30°, Linc A of Figure 4 shows thu result of such a
multiplication; it is clesr that at 30° the li~79 docs not obey
this simplest possible lav for oblicue impacts, Linc B
corrcsponds to an F-cocfficicnt constant with 9, Ingpection
of Figurc 4 is sufficiont to show that the liuit cnsrgy is
not proportional to any simple powsr of scc @, and that the
mode of veriation of the limit cnergy with © verics with ¢/d.

2 Theory o: low-obliauity pocnetration., The
theoretical considerations sct forth here are of a preliminary
nature, the complexity of the problem precluding anything
like a complctc soluticn at this time.

If the projcctile passed undcviated through
the plate, it would be rcasonabls to expsot the limit enorgy
at obliquity @ to b. to the iimit energy at 0° as scc o,

The complicated yewing motion of the projectile during pene-
tration causcs marked deviations from this rulc, as suggested
by Figure 4. As notcd =2bove, the yawing motion 1s dccreased
in amplitude by incrcasing the striking vcelocity above the
limit veloclty, with an accompenying decrcase in tho snergy
absorbed by the plate. This can bc understood if it can be
shown that the yawing torque does not increcsce too rapidly
with increasced striking wvclocity, so that any increase in
torquc is more than offset by a decrcase in the time during
which 1t acts, with a consequent reduction in the total yaw
developed.
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A uni/form pressure over the em-—
bedded portion of the ogive Is eguivalent o the
same pressure acting normal to the secton A"

of the projectile by the plane of the p/are.

Fig.68. To illustrare the case

OF non-uniform pressure.




Calculation of the vawing toraue is simplified
by our knowlcdge of the fact that Qs friction is negligible,
tho forces over the plate~onrojcctile boundary arc ev.rywhere
normal to the surface of the projectile. Tiic caleculation is

complicated, however, by our knowledze of ths fact that the
kinctic naturc of zrmor penatration with its conssquent
incrticl offcets will rosult in a non-uniform distribution of
prossurs over the nosc of the nrojoctile,

Tihs elerwunts that entor into 2 calculation of
the yawing torauc may b. proescntoed by considering first a
highly ide2liiz.d ;srptrkthn and nodifyirg it stocp by step
to bring it into closur :ulltmu“ with cin ectual sunitration,
Tt ims fHFeh o PEo)ieiia MEFFIRE B BiMck SL¥TH WECIOUD e,
with no cxtrusion occarrimj ~round the rosuy of bthe wdvancing
projectile, so thit the plate surfacc romeins planc (Figure
FA), Judgin: by lm.az>b° patterns {or ircomplitc »enctrations
(rofepencc 42)) tap myteriel Ln dwnediste @opkses with the
projuectile mosc will hav. & JTceticélly wpiform yicld-stress,
so thet éisr,gard‘np Yaurtial offoots fob o he jiomont, the |
pressure on thg og.v. should be about the same et all polints,
As in® preblem in hydrostatioe. v bthe URETorm prooquro
P over the surface of tl projectll.o-nosc cnboudded in thoe plate
(S) is cquivalent in its cff:zcts to the sarc pressure acting
normal to the area 4 of the suction of the projectile by the
planc of the feceo of the plat., Tho resultant force F is thus
of megnitudo DA, is rnormel to the planc of tnc plats, and
possc8 through tho contor »f arca of A, The torgque-era L of
the force F about G, the cenbter of mass of the projoctile,
will evidently vary es sin 9, and illl docrcase &lmost lincarly
with dcoth o penctration, whilc A will increase with depth of
punctration, first viry rapldlv gnd then wepd Blonlyy the
gxact dotails donunding upon the shape of nhb ogive.

As tho projectile yows under the influsnce of
the toerjque due te the force F, as shown in Figure 2, the angle
@ betwoen the plate normal cnd the projectile axis will tond
to incressc, andé us 4 3nd L inercasc with 6, the yaw is, so
tio speely Sl f-grnurebting, .

Several caonsidorations cater the plcture to
modify this proccss. The upward ..otion of the point of the
projeetile will plow up a spur froam the face of the plate, as
woll as producing somc cxtrusion of plate matorial all
around tho impact. 4as 18 apporent from Figurce 2B, the
cxtrusion of aatcrial around the projeetilc tonds to restore
the symnmctry of the frrccs acting upon tihe projceetilc. This
gymotrical sextrusion will t*nd to offsot the inercasc in
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torque duc to the developing yaw of the projectile,

If the pcth of the_point of the projectile
mcikes a considerablc angle with tBU projectile axis, the
ipcrtizl torms in the oxpression for tho prossurc on the
projectlle will be unsymnstrical, giving grzetcr DresSsurcs
above the nosc than below,

The pressure over the ogive wilil cervainly wob
be uniif'erm in any casc, being, beesusce of tho inurtial torms,
¢ the point znd fzlling off «ft along the PrejicEite
g foety "Ll mele Py the thusnem nroviously advonc:zd
c

o

[
A0s@a Th
on the caleculeti~n of the yawing torouc. Tc deal vith the
cise of non-urniforn nressurc, it will be conveniont to divide
the cmbedded suriace cof the projectilc nosc into two perts,
S1 and S, (F;“urg 6F ) | scpereted by the scetion B, which is

normel tc tu. ais of the wrojectilc S. 1s then symmetrical

about thw axis of tho projoctile, end Bii Jrissure upon itv, if
symmetricil, will »reduce an axi.l force ¥q which, passing
through the cint.r of wnss G of % pEejvetila, JFreduess ng
torqua. The suebicns A end 3 2nd the 3urfaco S2 togcther
conprisc = clesed surface, whose vector roprusontative is
zero.  Thus, the pusultant of the veector rooresenictives of

A ond B (tnxen 1u the invard sonsc) is the cruilibrent of the
vactor rovros.nting tho surf:cc's?. Thircefore, if ¢ uniform
prossurc © rcts over Sy, tho rosultant of the outvwerd vectors
¥4 ~nd Fg 1s the resultant force on Sp, vhore Fpo = PA cnd

Fy = PR, 4z Fn is an axial fore., it centributes nothing to
the torque on the projestile., If the varietion of prossurc
ovur 82 is nugligible, we are 124 to the sam. mothod ror
cileulZting the youlng torques as in the eare of uniform pres-
Sure, ciecpt thit the pressurc 2 is not now the nressurc ov..r
the cntire cibeddud nart of the ogive, but the averegs pros-
surce on Sp, wihlch is smaller thon th: meon nrossure over the
S1 and Sp toguther,

- bow, if onc corsiders a perticulcr striking
veloeity, whilc tho prossurc is concuntroted ncar the point

of the projeetile, the point is ineffoctive in sroducing
vowing torgue becuuse of the smell cmboddcd area; the prossurc
uscd in calculating the torque falls off with denth of
ponctration, but the reopid growth in arca A nresunably off-
scts this, Next, supposc the striking vileoeity to be ine
creescd; the pressurc will be still further concentrated at
the point of the projoetile, but this inercascd pressurc will
bc, as bofore, r.lestively ineffoctive in producing torquc.

On the other hand, the pressurce will ype still furthor reduccd
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forthsr back along the ogive, where 1t is most important in
producing torcus. Thore seoms to be no rsason to gxpoct any
important incrosse in mean torquo vwith increascd striking
volocity, and as ths torque will act for a shortcr timc at the
highor volocity, a decroase in the yaw doveloped is to be
cxnceted,

Tt has bocn noted that whon conditions of im=-
pacc arc scvere, failur? of projoctilus to penctrate may be
~ssociated with projectile breakage, and that a smoll incroasce
in voloeity will nrovent projoctilo brcokoge and 1nsurc penc-
tr-tion. As tho nrojectile cvidently foils Auc to bending
strcsses induccd by the torque-producling forccs on thoe nosc,
~nd o snoll inercasc in veloclity c¢on nrevent breakage, 1t is
counciudud that the yawing tor.uc is dccyreascd by an iancroaso
1L &5 Thed ng el oy .

» . In gracticcgth; sressure will probably not bo
Wil ferm OTexR 52, being ©1 the ator.gs lose b:low the”exis cf
the projeetile than ebrve, dug to she aswmctry of the arca,

so tlot in Figurc 6B tu. torguc-producing forcee is better
roproscnted by F then by ¥,. Noto th~t F does not origlnate
at the guomctriecl ccnt=yr of A, but et the ceunter of arca
detormined by woishting the clemonte of crea im accordonec
with th. distribution of prussurc on Sz.

To recapitulots: In the initial stuges of an
oblicuc inpact tha torque on the projectile ot &any instant
is cpnroxinctoly cqucl to thot which woula be produccd by
n uniforn prussurc over the scetion of thc projcctilc by tho
plone of thoe »latc. The ori_nt-tion =znd area of tihc scetlon
will b modified by extrusion of moterial from the facc of the
plate cround the advineing projeetilc. Furthorindre, tho
pryssure will dopart somsvhat from uniformity, sc thet the
torquc=producing forcc has & 1inc of action lying botwocu the
plate normcl and tho projuctily axis (¢f, F in Figurc 6B),
and doos not pass through the goometrical cuntor of the sce-
tion. The pressure is greetost sround the point of tho
projuctile and folls off eft, and in calculabing tn. torque
the significont pressure on tho projuctile is that around the
cntrance of the holc in the plate, so that this prossurc falls
of f as tho depth of ponetration incroocscs, and has a distri-
pution ovir dopth of ponctration which verics with the
striking vilocity. The phonomena of projuctile breokage
suggest o decrcasc in maximum torquc {(ond presumcbly in mcan
torque) with incrcascéd striking velocity. Thd docroenge in
amplitude of yaw which occurs o8 tho striking volocity is
inercascd cbove +ho Ciamit vilocity is corrclcetod with the
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ghortcencd time during which the yawing torque can act, and
possibly with the decreose in mean torque suggostod by the
study of projeetile breakage.

It is s striking fact thct against plates
which at no:mal obliquity give an increase in cnorgy absorp=~
tion with an incroaese in strikinag volocity above the limit,
the enorgy absorption doorwoscsS with an inervasse in striking
velocity ot any considcorabic obligquity. This decrcasc Ll
cnergy cbsorption is, as previously noted, associected with
ths decercase in yowing motion at volocitics above the limit.
Prostmably the yawing motion cxeeutcd by passage of tho
projcctile through the pictc rosults in the working of a
grocter volums of metal than in o siwple uayawed pcnetration.
Tt foll~ws that any elteration in projectilc design which
would rusult in a decrcesc in the yaw generntcd during pone-
tratbion snould decresnse the limlt cnergy. other things bcing
gquél, This fe & point to which furthcr jeferenee will be
2edo in tho scetion on high oblicuity imnict.

The discussion givcen horc deols primarily with

1 plate thick cnough not to dish appreciably upon

pointcd outb in conncection with Figurc 1,
unsyrmotrical dishing of = thin plate cround the impact will
nave on effeet cguivalont to lowering the obliquity, so that
the cnergy requircd for tho nenctration of 2 thin platc
snould increasc more slowly with obliguity than for a thick
platc., This is an cgrocment with Figurc L, wihcore the limit
cnorgy grcoph doterained cxperimcntnlily crosscs tho linc A.
Anothor differcnce botweon the penotrotion of thick cnd of
thin plaotos lics in the foct th-ot with thin plotes, the point
of the projcebilc will wmergs from the bock bofero the
bourrclot cnters the tace of tne platc, bringing into play a
asct of torquc-producing forces tcnding to-countecract thosc
which operote ot the face of the platce.

the cose of
LApeeha A8
c

From the meny foctors which cnter in to the
problom, it is clcar that the coleulation of the yowlng
torcucs nnd of tho yow gunor2ted in cny given penctrotion 1s
an oxeccodingly intricoto problom. As on illustration of
tho influcnce of some of the foctors involved, &n idoclized
case ig siven in sppondix B, whoro the yawing torque is ocale
culatcd for o projectile with a coniccl nosc cxpericneing o
uniform prossurc as it ponctratos into a thick platc whoso -
faec rcuains pland. 4
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111 HIGH OBLICUITY

The values of ¢/d which are of intcrest in
whet is considercd the high-obliguity renge arec rolatively
low. Whon a rolatively thin plate is struck at a higa obli~
quity (c.g., ¢/d = 0.125, @ = 45°) the mcchanism of impact
appoars to by ontirely different from tho mecheonism at
lowor obliguitics (@ ¢35°)., Roughly spcaking, over the
grocter port of the velocity rango onc of two things will
happen, nemely cither (1) the projectiloc pesscs through tho
plato with a high rosidual volocity and in almost the original
dircetion or (2) tho projecectilc ricochets from the plats with
a high rosidual vcloeity, the englc of departurc fronl the
plat¢ “oing roughly cqual to the obliquity of impact. Figure
y ig o sraph of rcsidusl cnorgy vs. striking cnorgy for a rothe:
rotainwred 3" projectile (the uncapped 3% AP Type A) vs. 3/8%
modificd TS at 45°; boeausc of thoe nose shape, this projectile
ricochots at ¢ somuwhat lower oblicuity thun more pointcd pro-
joctiles, It will be observed that therc is a narrow rconge of
striking onergics whero the cnorgy absorption is high, and in
which tho 1limit volocity ig found. This type of groph is
typicnl of 2all high-obliguity studicvs,

At this obliguity ¢ lucky shot may stick in
the platc. At highor obliquitiocs (c¢.g., 60° end 75°), it is
vory unusual to have o projectile stick in the plotc. In @
noorlimit ricechot the nrojsctilo plews deeply into the plate,
grodually yawing so &8 to turn with its axis parallcl to the
plate; the platc may be split open along ¢ linc parcllel to
the exis of the projeectilc. Somctimes this split continucs
to open up "Tter the projectilc has passud by cven opcning up
to a width of morc thon o caliber, clthough tho projcetile has
ricochctcd. Therc is considcerable cvidence to show that at
tho limit, the projectilc is likcly to ponotreate tho plcte basge
first, and plow 2 long holec in the plate, bafore dropping

througi.

It is possible that the cxistenco of a limit is
in o cortain scnsc fortuitous ~-- that the main mochonism is
due to o normnl force, tending to defleect the projoctile; %
this fTorce is insufficisont, thc projoctile braaks through with
littlc dofleoetion, ond mekcs a smzil holc., In tho ricochot
rcgion, the projectile gradually rcvolvcs about a transvaorse
axis parallcl to the plane of the plote, sliding 2long tho.
surfrcc in'such o way as to remoin pasrallcl to tho surfaco, |
which is dcformecd as the projoctile slides on it (Figurc 830
In the intermediate zons, where the basc brosks through, the
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projcctile plows through the plate sideways, and is grodually
brought to rost. It is only in this casc thot a force is’
applicd of the neccssary emount and dircction to bring the
projcetile t0 rest; in tho othor coses the force is elther
insufficiont or acts in thc wrong direction to stop the
projectilc,

hen o projectilc strikes a thin plate, pushing
forv rd the motoeriel with which it is in comtact, the plastic
deformation is propagated outward from the impact. The rate
of propagation of this plastic deformation is much lecss than
thot of an clastic wave, and mey be comparable with thot of
the projcctilo. At thoe low volocitics noeossary to ponctrate
thin arior at high obliquities, 1t is possiblc that thc
veoloeil sy of propagation of the plastic doformation mey cxceed
tha', ¢i the projectlle,.

- Asswaing this to bo the :une, there would be
a cortain critical striking volocity for the projesctile; boelow
thiz striking vulocity, the deformotion of tho plete would
travcel 2long the plate ahcad of the proj.ctils, in sueh a way
as to maintein a high obliquity ot the point of contact.
Above this striking v.locity, the projoctile would bo traveling
fastcr than the deformetion, so.thit the dishing of the plate
would lower the effective obliquity ot the point of contact,
end the projectilc will "bite". Invustigztlon of this
hypothesis would scem to offor o prorising ficld for photo-
graphic study. If thc hypothsesls should bo vorifiecd, it night
be desireble to investigatc thoso propoertics which control
the rate of propagztion of plastic deformntions, for an in-
ocrcase in th-t rate obtaincd without loss of other cssenticl
properties in the armor should scrve to raise thoe lindt
veloelity. .

The shape of the projoctile is an cxceedingly
important fector in dctornmining its offcctivoness at high
obliquities, nlthough this ig n foetor 28 yot only particlly
cxplored. To tako tho most c¢xtrumé cnsc, 2 flat-noscd pro-=
joetilc will ponctrats & platc of quartcr caliboer thickncss
at =n obliquity of 60* at velocity loss than half thet ro-
quired for & projcetile with a conventional 5/3 - colibor
‘ogive (reference (5)). In this casc the projectile ncatly
punnhes a clean hole in tho plate, sroducing @ nogligiblo
doformation in the matoericl around tho holc., As compercd with
morc conventional projectilcs, the roduction in the volumo of
metal plastically worked (b.causc of the c¢limination of tho
dishod aren) accounts for the groot reduction in the limit
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To toke 2 1los8s extrome cas., o capped projectile §

with a broad cap having o sharp shoulder on it is more sffoe- !
tive than a capped nrojectile with & small cod or with & g
roundcd cap (rcfercnce (6))., Data with uncepped projeectiles
et high obliguities are unfortunatcly too meagir ©O pormit a 4
full enalysis of tho offcet of nosc shape, but similer rela- .
tions scom to hold - broad, angular noscs "bitce" botter and g
rosult in lowor limits at high obliquitics tunn de the nosc z
shapcs usually used on uncapped projcctiles. &
Inspsction of complcto penetrations ot high obl- a

iquity indicatos thot, as ot low obliquity, tho projoctile , g
cxpericncces es initial yawing torque tondiag to inecroasc the .
The boundery betwoeon ricochet and penetration is )

obliguity.

robably fb%%ancihgotwcun tho rate of

ctorming n delicata
; pingd Rgforma ion o6 ¢ ploté. A nosc shape

avwoana tnoe reus o =
tcnding to docrcasc tho rate of yow 1rn tho initial stages 4
of o liquo impact would fovor "biting' cf the plats, nnd (othor i
. things being cqual) should rosult in o lower linit velocity. ¥
To give the most oxtrome vxample again, the flat-nosed pro- >
jeetilo very probebly cxpericnecs an initinl righting torque - %
i.c., ¢ torque tonding to turn it towerds the plate normal, %
rathor than cway from it (Tizurc 8D). %
=
. q
i
§
i

b ’:




1,

APPENDIX 4.

SUMMARY CF NPG REPCRT NO. 1~43. (Reference 1)

Certain experimental laws of penetration of

homogeneous armor at 0° obliquity are presented, and theo- -
retical interpretations are derived, In particular:

(a)

(C)’

In the penetration of thick plates (e/d 0,3) the
quantity mV;2/d43 is a linear function of e/d. This
law is expl%ined by Bethe's expanding-hole theory,
modified to take account of the formation of petals
on the back of the plate.

In the penetration of thick plates, if the residual
energy Ep 1s plotted as a function of the striking
energy Bg, a straight line results with a slope of
about oné, For a thick plate the slope of this
line is less than unity; trials against a series
of progressively thinner plates give slopes
increasing as e/d decreases. These observations
are explained when one considers the dynamic
nature of projectile penetration; if the force
with which-the plates resists the projectile
increases linearly with the projectile energy, the
observed results follow, The slopes may be
calculated quantitatively by an extension of
Robertscn's version of the Poncelet-llorin theory.

In the penetration of thin plates (e/d 0.3), the
predominent mechanism of failure is the bending
back of plate material around the hole, comparable
to the bending of the petals on the back of a
thicker plate, ghig mechanism leads to a quadratic
variation of mVy*/d” with e/d, which is in fair
agreement with experiment. In this thin-plate
theory, stretching and dishing are not included;
they are relatively unimportant at the upper end
of the thin plate range, but contribute the bulk
of the energy absorption in the thinnest plates,
which lack the stiffness to abosrb much enersgy by
bending. v ;
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: (d) Additionsl qualitative results are given, in- 2
: © cluding explanations of shatter at vclocities
vell above the limit, shatter sgainst thick 4

- plates, and the effcct of brojectile form O e

projectile breakage and on the phsnomenon of

punching, : : B




2% SUMMARY OF NPG REPORT NC. 3-4) {Reference 2)

The penetration of homogeneous plate by
uncapped projectiles gt 0° obliquity was discussed in Naval
Proving Ground REeport No. 1-43. The bresent report supple-
ments Report No, 1-43 with comments on four secondary features
Of penetrations of the Same classification, They are:

(a) The erffect of veloeity on impacs dimensions, -
an analysis of the cnexrgy absorption by the
armor material as shown by the enlasrgement
of the hole produceq by completely benetrating
projectiles of various velocities, :

(b) A measurement of the enersy expended in deform-
ing projectiles obtained by observation of the
rise in temnerature of the projectile,

(¢) An analysis or the energy consumed in overcoming
friction betwesn the projectiles and plete by
observation of the retardation in rotation as
well as velocity,

(d) 4 survey of the hardness distribution in sliced
sc¢ctions of armor surrounding partial and complete
benetrations,

- AB :
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Figure 9
ITdeal! Penerration of a rhick F/are

by a Conical Projectr/e .
\L A uniform pressure p over rhe
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APPEINDIX B.

YAVING TOROUE IN AN IDEAL CASE

Consider a projectile of radius r., with a
conicnl nosc of length k, so that the nosc has & seni-
aperturc » given by tanyp = ro/h. Let this projectile nake
an idecl penotration at obliquity @ into a vory e e,
tho fac. of which is cssumcd to remain pizne. Imeging the
pressurc to bo uniform over tho ombodded protion of the nosc.
Then the thoorom daveloped in part IT (2) (Scc Figure 64)
applies, i.¢,, the force on the projectile 1s thoe same as
that duc to a uniform prossurc norizl to cho ggction of the
projectile nosc by the plane of tiow PLEG8s

If ¢ is the depth of penctrotion measurcd from
tha point of the projectilc vleng tho prejoetile oxis (Figure
9), it is fouud by clomentury.gormetry thet the arce cof the
cllipticcl scetion is: Sl

s T T P A e L R R

! = sia ; 34 f)

-, 2, Ry
(\3 T 4r;—"’ \%’ {"701 3 ‘f"\’

The contor-of this scctior will rot lic on the 2zis of tho
projectile, but upon o straight linc passing somswhit bolow
the cxis, as shown in Figurs 9. Tor o conc of snnll uporture,
this discrcpaney may bo negleeted. Then, if k is thc distance

forn the point - of ths projeoctile to G, lts contor of mass,
the tcrque-crnm L of the force F is glvon by .

L = {(k=x} sin @.

If the prossurc on the projectile nosec is F, the force on
the projoctile is F = PA, and the torque cbout G is

i} & ' 4 ;
Ny "TP L ( ) X—) +i‘t'|2 \L/ 'fun e’ e . __‘ & 3
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Bven in bhis simplificd ense i1t is cleor that sgicnltion’ oF
the cquations of motion would be oxccedingly intricute,
althouzh uscful approximato caleulations would be fersible
for srinll volucs of 6,

ol
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This rcsult mey be compared with Part V of
reference (3), whoerc the torquc is proportional to the
rosistonce function R and to sin 6. In cauation (B2) above,
the resistance to the projectilc is PA, where A is obtained
fyom (Bl), The principal differencce botwoon the rcesult given
nerc ond thet of rofercnce (3) is the introduction of z2n
cxplicit form for A and of the variable facter (k=x).

Urnder the simplified conditions aseumed in this
calculetion, equation (BR), togother wlth She two force
gquetions,

Y

F. = - PA cos &,
o2 )
g

A gin

]
T

[63]
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A
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could be uscd to dotermino the motion.

: It %s to be noted thot the formula (B2) will
fril ot the instont vhen the bourrclet cnters the plate.
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